Aim: To investigate the effects of insulin on enhancing 5-fluorouracil (5-FU) anticancer functions and its mechanisms in the human esophageal cancer cell line (Eca 109) and human colonic cancer cell line (Ls-174-t). Methods: The effect of insulin/5-FU combination treatment on the growth of Eca 109 and Ls-174-t cells was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. After insulin treatment or insulin/5-FU treatment, cell cycle distribution of both cell lines was analyzed by flow cytometry. Western blot assay was used to assess the expression of caspase-3 and thymidylate synthase (TS). Apoptosis was detected by flow cytometry, DNA fragmentation assay, and terminal transferase dUTP nick end labeling assay (TUNEL). Moreover, the changes of 5-FU uptake after insulin pretreatment were detected by HPLC assay and Western blot analysis. Results: We found that insulin enhanced the inhibitory effect of 5-FU on cell proliferation when Eca 109 cells and Ls-174-t cells were pretreated with insulin for the appropriate time. Insulin increased the cell number of the S phase and the uptake of 5-FU. Insulin/5-FU treatment enhanced apoptosis of tumor cells and upregulated the expression of cleaved caspase-3 compared with 5-FU treatment. Moreover, insulin/5-FU treatment induced the changes of free TS and the TS ternary complex level compared with 5-FU treatment in Eca 109 and Ls-174-t cells. Conclusion: These data suggest that insulin enhances anticancer functions of 5-FU when it is treated before 5-FU for the appropriate time in human esophageal and colonic cancer cell lines.
Introduction
For more than 40 years, 5-fluorouracil (5-FU) has been widely used as the first-line drug in many clinical anticancer therapies [1] [2] [3] . However, nowadays 5-FU resistance during the course of treatment has become common, which is an important cause of failure for cancer therapy [4] . Several studies have postponed the proper model for the resistance effect of 5-FU, including transport mechanisms, metabolism, drug-detoxifying mechanisms, cell cycle kinetics, and protection from apoptosis [5, 6] . According to these mechanisms, various methods were adopted to improve the effects of 5-FU; for example, increasing the uptake of drugs in tumor cells to improve therapeutic sensitivities [7] . The transport of 5-FU across the cell membrane is believed to be through passive or facilitated diffusion [8] . Theoretically, increasing the intracellular uptake of 5-FU or reducing its efflux may enhance the anticancer effects of 5-FU. 5-FU is a pyrimidine antagonist, which is converted intracellularly to several active metabolites: fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP). FdUMP binds to the nucleotide-binding site of thymidylate synthase (TS), thereby blocking binding of the normal substrate deoxyuridine monophosphate (dUMP) and inhibiting deoxythymidine monophosphate (dTMP) synthesis which is necessary for DNA replication and repair. FdUTP can be misincorporated into DNA and can lead to DNA strand breaks and cell death. FUTP is extensively incorporated into RNA, disrupting many aspects of normal RNA processing and function [6] . 5-FU has the main cytotoxic action to tumor cells in the DNA synthesis phase (S phase), but it is not S phasedependent for the function of FUTP [9] . It is hypothesized that the anticancer effects of 5-FU would be enhanced by increasing the S phase population of tumor cells while decreasing the cell number in the G 0 /G 1 phase [6] . Furthermore, the ability to undergo apoptosis in response to drug treatment plays an important role in the sensitivity of tumor cells to chemotherapy. The apoptosis pathway is inactive in tumors with chemotherapeutic resistance [10] . Accumulating evidence indicates that enhancing apoptosis of tumor cells in response to 5-FU may improve chemotherapeutic sensitivity [11] . In this study, we investigated the effects of insulin on enhancing 5-FU anticancer functions in human esophageal and colonic cancer cells. Insulin is known as the most potent physiological anabolic agent. It has profound effects on both carbohydrate and lipid metabolism. It also has significant influences on protein and mineral metabolism [12] . Insulin stimulates DNA synthesis and modulates transcription, altering the cell content of numerous mRNA [12] . We examined whether tumor cells were more sensitive to 5-FU after insulin enhanced cellular metabolism. In addition, insulin promotes the uptake of many nutrition materials by facilitated diffusion; for example, insulin facilitates the entry of glucose into many issues, mainly by enriching the concentration of Glut4 proteins at the plasma membrane, and stimulates the uptake of amino acids by regulating amino acid transporters [13] [14] [15] . Insulin also increases the permeability of many cells to potassium, magnesium, and phosphate ions via activating sodium-potassium ATPases [16, 17] . However, its effect on the permeability of 5-FU has not been investigated.
In order to investigate the effects of insulin on chemotherapeutic sensitivity of tumor cells to 5-FU and the possible mechanisms, we performed our study in aspects of cell proliferation, cell cycle, drug uptake, inducement of apoptosis, and TS level in human esophageal and colonic tumor cells.
Materials and methods

Cell culture
The human esophageal carcinoma cell line (Eca 109) and human colonic cancer cell line (Ls-174-t) were cultured in RPMI-1640 medium (Life Technologies, USA), supplemented with 10% FBS (Sijiqing Biological Engineering Co, Hangzhou, China), 100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified atmosphere (5% CO 2 ) at 37 ºC.
Cytotoxicity assay MTT is widely used to assess viability and metabolic state of cells. As described previously [18] , logarithmic phase cells were plated into 96-well plates at a density of 7×10  3 cells per well for Eca 109 cells and 9×10   3 cells per well for Ls-174-t cells. After being pre-exposed to insulin (Huminsulin Lilly, Fegersheim, France), the cells were treated with 5-FU (Xudong Haipu Pharmaceutical Co, Shanghai, China) for 48 h. Then 10 µL MTT (Sigma, USA) was added to the culture medium to a final concentration of 0.5 mg/mL and incubated at 37 ºC for 4 h. After that, the formazan crystals were solubilized with 100 µL DMSO (Sigma, USA) for 15 min. The absorbance was measured at a wavelength of 570 nm with a microplate reader (model 550, BioRad, Hercules, CA, USA). All assays were carried out 3 times. Cell cycle analysis After insulin or 5-FU treatment, Eca 109 and Ls-174-t cells were washed twice with cold phosphate buffered saline (PBS) and fixed with 70% ethanol at 4 ºC for 8 h. After the ethanol was washed out, the fixed cells were treated with 50 µg/mL RNase A at 37 ºC for 1 h, and then incubated with 100 µg/mL PI (Sigma, USA) at 4 ºC for 30 min. Cell cycle was analyzed by flow cytometry (Coulter Elite ESP, Coulter, Miami, FL, USA).
DNA fragmentation assay A total of 10 7 cells were collected after 5-FU treatment for 48 h or pretreatment with 1 U/L insulin for 8 h, followed by 5-FU exposure for 48 h. Untreated Eca 109 and Ls-174-t cells were regarded as control groups. The cells were washed with PBS twice and the genome DNA was extracted according to the protocol of the genomic DNA extraction kit (Biology Engineering Company, Shanghai, China). Briefly, 20 µL DNA samples were sampled for electrophoresis on 1% agarose gel containing 0.1% ethidium bromide in TAE buffer (40 mmol/L Tris, 20 mmol/L sodium acetate, and 1 mmol/L EDTA, pH 8.0) and visualized by ultraviolet illumination.
Terminal transferase dUTP nick end labeling assay (TUNEL assay) After drug treatment, the cells were washed 3 times with PBS and fixed with formaldehyde. After being permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate, the cells were washed twice with PBS. The DNA nick-labeling reaction was performed using 50 µL TUNEL reaction mixture, including 45 µL enzyme solution and 5 µL nucleotide mix at 37 ºC for 60 min. The cells were then washed 3 times with PBS and analyzed under a fluorescence microscope (Nikon, Tokyo, Japan).
Western blot analysis The cells were exposed to insulin (1 U/L) for 8 h, 5-FU (25 µg/mL for Eca 109 cells and 37 µg/mL for Ls-174-t cells, respectively) for 24 h, or insulin pretreatment for 8 h followed by 5-FU treatment for 24 h. After treatment, cell extracts were prepared by incubating cells with cold cell lysis buffer with 1 g/L leupeptin and 1 mmol/L phenylmethanesulfonyl fluoride (PMSF). The cell lysates were loaded in SDS-sample buffer [50 mmol/L Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% glycerol, 100 mmol/L DL-Dithiothreitol, and 0.01% (w/v) bromophenol blue] and separated on a 10% SDS-PAGE. After being transferred to a nitrocellulose transfer membrane (Amersham Pharmacia Biotech, UK), the blots were incubated in blocking buffer (containing 5% skim milk powder and 0.1% Tween 20) and probed with diluted caspase-3 antibodies (1:400, CST, Danvers, MA, USA) or an antithymidylate synthase antibody (1:200 TS 106, ABCAM, Cambridge, UK) for 1 h. After washing, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (1:50, Sino-American Biotechnology, Louyang, China). The immunoblot was visualized using 3, 3'-Diaminobenzidine (DAB, Sino-American Biotechnology, Louyang, China). The relative density of the bands was analyzed with TotalLab Software (ImageMaster VDS Video Documentation System, Amersham Pharmacia Biotech, UK). The image was captured using a high performance CCD (change couple device) camera and the system calculated the pixel density of the manually selected band of the immunoblot.
HPLC analysis After tumor cells with the same number were exposed to 5-FU or insulin/5-FU for 6 h, 200 µL cell culture medium of each group was collected and mixed with 3 mL ethyl acetate. The mixture was then centrifuged at 2000×g for 10 min. The organic layer was removed and evaporated to dryness. Remains were resuspended in the mobile phase.
The HPLC system (Waters, Milford, MA, USA) was utilized to determine the concentration of 5-FU in the culture medium. The mobile phase (water/methanol, 85:15) was delivered by the Waters M600E system (USA) and chromatographic patterns were recorded with Waters PDA996 photodiode array detector (USA). A Luna C18 column (φ4.6×250 mm, 5 µm) was used for sample separation, and the sample (10 µL) was injected onto the column at a flow rate of 0.9 mL/ min at room temperature. Data were analyzed by the Millennium Chromatographic Manager (Waters, Milford, MA, USA).
Statistical analysis Data were expressed as mean±SD and analyzed with the statistical program SPSS 13.0. Q test, ANOVA, and chi-square test were used. P<0.05 was considered statistically significant.
Results
Insulin enhances the inhibitory function of 5-FU on the proliferation of Eca 109 and Ls-174-t cells After pretreatment with insulin for 2, 4, 8, 12, 24 h and followed by 5-FU treatment, the inhibition rates of 5-FU in Eca 109 and Ls-174-t cells enhanced significantly compared with 5-FU treatment, except for the 2 h group ( Figure 1A, 1B) . The growth inhibition of 5-FU in both cancer cell lines increased gradually when the cells were pretreated with insulin from 0 to 12 h. However, if the exposure time of insulin was longer than 12 h, the inhibition rate of 5-FU on the proliferation of the tumor cells did not enhance any more. By statistical analysis, we found that there was no significant difference among the 8, 12, and 24 h groups, which means that the growth inhibition of 5-FU can be enhanced maximally after insulin pretreatment for 8-24 h.
To investigate whether the upregulation of 5-FU chemotherapeutic effects by insulin is dose-dependent, we set up the dose scales of insulin from 0.01 to 100 U/L. After treatment with insulin for 8 h, the tumor cells were exposed to 5-FU for 48 h before the MTT assay. The results showed that when Eca 109 and Ls-174-t cells were pretreated with insulin in a low dose range, the inhibition rate of 5-FU increased in a dose-dependent manner. When the concentration of insulin was less than 1 U/L for Eca 109 cells or less than 10 U/L for Ls-174-t cells, the growth inhibition was dose-dependent ( Figure 1C, 1D) . However, we observed that the growth inhibition rate of 5-FU was similar in the high-dose insulin groups in both cancer cell lines. We proposed that this was because of the saturation of the insulin receptors on the cell membranes.
Impact of insulin on cell cycle progression The impact of insulin on cell cycle was analyzed by flow cytometry. The tumor cells were treated with insulin of different concentrations (0.01-100 U/L) for 8 h. There was a reduction in the G 1 phase cells and an increase in the S phase cells in Eca 109 and Ls-174-t cells (Figure 2 ). The percentage of the G 2 /M phase cells remained much the same among all groups. It demonstrated that insulin recruited G 1 phase cells to the S phase.
The tumor cells were exposed to insulin (1 U/L) for 2, 4, 8, 12, or 24 h, and then cell cycle distribution was examined. The percentage of the S phase cells increased significantly, accompanied by the decrease of the G 1 and G 2 /M phase cells (Figure 3 ). The effect of insulin was time dependent in the first 4 h of exposure for Eca 109 cells or in the first 8 h of exposure for Ls-174-t cells, but there was no significant difference with the longer insulin treatment. Interestingly, the cell population of the G 2 /M phase gradually decreased as the treatment time increased.
Insulin enhances the uptake of 5-FU in tumor cells In an effort to evaluate potential mechanisms, we performed HPLC assay and TS ternary complex detection to examine the uptake of 5-FU in the 2 tumor cell lines with or without insulin treatment. Examining the concentration of 5-FU in culture medium can indirectly analyze the total consumption of 5-FU by tumor cells and avoid the effect of drug metabolism and drug efflux via drug pumps at the cell membranes. In this study, the tumor cells were divided into 2 groups with the same cell number cultured in equal volumes of medium. One group was treated with 5-FU and the other was pretreated with insulin (4 h) followed by 5-FU exposure. The concentrations of 5-FU used for the Eca 109 and Ls-174-t cells were 25 µg/mL and 37 µg/mL, respectively. Then 200 µL culture medium was collected for HPLC analysis after 5-FU treatment for 6 h. In the Eca 109 cells, the 5-FU concentration of the insulin/5-FU group was 12.12±1.314 µg/mL, and in the 5-FU group it was 19.48±0.548 µg/mL. In the Ls-174-t cells, the 5-FU concentration in the insulin/5-FU group was 21.24±2.147 µg/mL, and in the 5-FU group it was 33.59±1.871 µg/mL (Figure 4 ).
It is difficult to measure intracellular 5-FU concentration accurately because of the intracellular metabolizability itself. FdUMP, the metabolite of 5-FU, binds to TS and the folate cofactor 5-10-methylene tetrahydrofolate to form a complex in the tumor cells [6] . The increase of the TS ternary complexes reflects the intracellular augment of FdUMP. The uptake of 5-FU can be analyzed via the amount of FdUMP.
In this study, the amount of the TS ternary complex increased in both tumor cell lines after insulin/5-FU treatment compared with 5-FU-alone treatment, which indicated the enhancement of 5-FU uptake ( Figure 5) .
Effect of insulin/5-FU treatment on TS expression
The expression of TS and the formation of the TS ternary complex was investigated by Western blotting. TS was basally expressed in both cell lines ( Figure 5 ). 5-FU exposure induced the appearance of an additional band of 38 kDa (the TS ternary complex) and the increase of the total TS. Insulin treatment increased the TS expression slightly. For the Ls-174-t cells, densitometric analysis showed that, compared with 5-FU treatment, insulin/5-FU treatment induced the expression of the TS ternary complex with a 1.7-fold increase and decreased the free TS expression to 47%. The Eca 109 cells with insulin/5-FU treatment showed a 2.1-fold increase in the expression of the TS ternary complex compared with 5-FU treatment, while the level of free TS did not show obvious changes.
Insulin enhances 5-FU-induced apoptosis The combination of insulin and 5-FU produces a sequence-dependent apoptosis synergy. 5-FU is an S phase-specific anticancer drug. treatment, the apoptotic population increased significantly compared with 5-FU treatment alone ( Table 1) . The apoptotic population increased in a dose-dependent manner when the concentration of insulin was below 1 U/L. However, when insulin and 5-FU were added at the same time, the statistical difference was not observed in all insulin concentration groups compared with the 5-FU control. We also determined the apoptosis by TUNEL assay and DNA fragmentation. 1×10 7 cells were collected after 5-FU treatment or insulin/5-FU treatment. The result of the TUNEL assay showed that the number of apoptotic cells increased after insulin pretreatment in both cell lines ( Figure 6A ). Additionally, DNA fragments were observed in the Eca 109 cells, but not in the Ls-174-t cells ( Figure 6B ). In the Eca 109 cells, there was no obvious DNA fragment, but a dispersing strip was observed in the 5-FU treatment group. When the cells were pretreated with insulin before 5-FU, DNA fragments appeared. Furthermore, the expression of caspase-3 and its cleavage in Eca 109 and Ls-174-t cells were analyzed by Western blotting. The results showed that 5-FU treatment after insulin exposure for 8 h would increase the expression of cleaved caspase-3 compared with the 5-FU control ( Figure 6C ). The insulin/5-FU treatment resulted in an apoptotic response, indicating that the enhancement of the apoptotic response may be contributed to this synergistic interaction.
Discussion
Insulin is a polypeptide hormone with multiple roles [12] . As a drug, insulin is usually used in diabetes and some studies have found that it can also be used in cardiopathy treatment [19, 20] . The effects of insulin on tumor therapy have not been fully investigated, and there are only few papers that mention the topic. Lasalvia-Prisco et al [21] reported that methotrexate and insulin produced a significant antitumoral response that was not seen with either methotrexate or insulin used separately in 30 patients with multidrug-resistant metastatic breast cancer. Jiao et al [22] demonstrated that insulin enhanced the chemotherapeutic sensitivity of cisplatin, etoposide, and 5-FU in the human esophageal cell line (NEC) and lung cancer cell line (GLC) by MTT assay and thought that the combination of insulin and 5-FU increased G 2 /M arrest. In this study, we were interested in the effects of insulin on the functions of 5-FU and the possible mechanism. We demonstrated that pretreatment with insulin can enhance the function of 5-FU on Eca 109 and Ls-174-t tumor cells. However, enhancement of G 2 /M arrest was not observed in Eca 109 and Ls-174-t cells after exposure to insulin/5-FU. In order to investigate the mechanisms in more depth, we examined the changes of cell cycle, intracellular uptake of 5-FU, cell apoptosis, and TS expression after treatment with insulin and insulin/5-FU, which, to our knowledge, have not been mentioned in previous studies. Aspects of the cell cycle provide the rationale for and are of major importance in the successful application of antineoplastic chemotherapy [23] . In an effort to understand the mechanism that insulin enhances the antitumor effect of 5-FU, we assessed the cell cycle distribution after the tumor cells were treated with insulin or insulin/5-FU. Insulin markedly increased the cell population of the S phase while it decreased the cell number of the G 0 /G 1 phase in Eca 109 and Ls-174-t cells. 5-FU is an S phase-specific agent, which exerts its lethal effects exclusively or primarily during the S phase [24] . Thus, after insulin pretreatment with the increasing cell number of the S phase, the anticancer effect of 5-FU is enhanced. Moreover, it is also important for insulin to reduce cell number of the G 0 /G 1 phase during which dormant tumor cells can escape the effects of drug therapy [25] . Insulin treatment induces a reduction in ratio of cell of the G 0 /G 1 phase and recruits cells into the S phase, which is beneficial to the cytotoxic effects of 5-FU. We conclude that insulin can enhance the function of 5-FU via increasing its target cells. Insulin stimulates Na + , K + -ATPase activity, and translocation to the plasma membrane via phosphorylation of the alpha-subunits by the extracellular signal-regulated kinase (ERK) 1/2 mitogen-activated protein kinase [16, 17] . Previous studies demonstrate that the uptake of 5-FU is apparently Na + -dependent [26] . In addition to Na + , the carrier-mediated transport of 5-FU may require some other factors that are yet to be identified [26] . We hypothesize that insulin may indirectly enhance the uptake of 5-FU in tumor cells via stimulating Na + , K + -ATPase activity. By HPLC analysis and TS ternary complex detection, we confirmed that the uptake of 5-FU was increased in Eca 109 and Ls-174-t cells after insulin exposure.
Resistance to apoptosis plays an important role in cancer pathogenesis [10, 27] . It allows tumor cells to survive beyond their normally intended life spans and provide opportunities for selection of progressively aggressive clones. Inducement of apoptosis in tumor cells is one of the methods in improving chemotherapeutic effects [11, 28] . 5-FU can trigger the intrinsic pathway to induce apoptosis [29] . Apoptosis obviously occurs after tumor cells are exposed to higher concentration of 5-FU for a long time. However, in our study, the results showed that with insulin pretreatment, 5-FU induced more tumor cells to apoptosis compared with 5-FUalone treatment. Moreover, caspase-3 assay demonstrated that insulin/5-FU treatment upregulated the activation of caspase-3 in the 2 tumor cell lines. We conclude that insulin enhances the apoptotic effect of 5-FU by increasing the number of sensitive cells and the intracellular concentration of 5-FU.
TS, which converts dUMP to dTMP, is the only de novo source of intracellular thymidylate for DNA synthesis [30] . Inhibition of the enzyme results in chromosome breaks and cell death [31] . TS is an important target for 5-FU. Cells metabolize 5-FU to FdUMP and FUTP. FdUMP and the folate cofactor 5-10-methylene tetrahydrofolate bind to TS to form a covalently-bound ternary complex that inhibits TS [32] . The expression level of TS among tumors varies considerably, and cellular sensitivity to 5-FU is related to alterations in the TS level [33] . In our study, insulin/5-FU treatment increased the level of the TS ternary complex and decreased the free TS expression compared with 5-FU treatment in the Ls-174-t cells. For the Eca 109 cells, we just observed the enhancement of the TS ternary complex. It indicated that the responses to the insulin/5-FU treatment existed differently between Eca 109 and Ls-174-t cells. In clinics, patients with low tumor TS expression have a significantly better prognosis than those with high TS expression [34] . We consider that the decrease of the free TS level after insulin/5-FU treatment has clinical significance to some extent. Moreover, the increase of the TS ternary complex also is beneficial for tumor therapy.
In summary, our data suggest that insulin enhances the chemotherapeutic effect of 5-FU in Eca 109 and Ls-174-t cells. Insulin increases the cell number of the S phase and the uptake of 5-FU. Insulin/5-FU treatment enhances apoptosis of tumor cells and changes TS and the TS ternary complex levels compared with 5-FU treatment. A more detailed understanding of mechanisms by which insulin improves the chemosensitivity of 5-FU may lead to new strategies for the clinical chemotherapy of tumors. 
